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The development of genetic or natural competence is an adaptation process that enables bacterial cells to take up and integrate exogenous DNA into their genomes. This phenomenon has been studied extensively in the gram-positive soil bacterium Bacillus subtilis. Competence development depends on the presence of a key regulatory protein, i.e., the competence transcription factor ComK. During exponential growth, the presence of free ComK in the cell is prevented by both transcriptional and posttranslational control. Transcription of comK is repressed by the binding of AbrB, CodY, and Rok to the comK promoter (12, 14, 27) , while any ComK that is produced is trapped by MecA and targeted for proteolytic degradation by ClpCP (32) . At the end of the exponential growth phase, increased cell densities are sensed and interpreted by a quorum-sensing pathway. This results in the production of ComS, a small protein that can liberate ComK from the proteolytic complex (5, 8, 28) . At the same time in growth, the repressing effect of CodY and AbrB is relieved in response to nutrient limitation. Free ComK can bind to its own promoter and activate gene transcription (33, 34) . Furthermore, ComK can repress rok transcription by binding to the rok promoter, thereby relieving the repression by Rok of comK transcription (14) . The ensuing autostimulation of comK transcription results in a rapid increase in the ComK concentration in the cell. In addition to stimulating the transcription of its own gene, ComK stimulates the transcription of the K regulon, which contains among others the late competence genes, encoding the DNA binding, uptake, and integration machinery (for a review, see references 6 and 13).
ComK activates transcription by binding to specific sequences, so-called K-boxes, in the upstream region of ComKactivated genes (Fig. 1) . Each K-box consists of two AT-boxes with the consensus sequence AAAA-(N) 5 -TTTT. These boxes are separated by a spacer of a discrete number of helical turns, which positions both AT-boxes on the same side of the DNA helix. Based on the length of the spacer (two, three or four helical turns calculated between the first A's of both ATboxes), K-boxes are divided into three different classes, i.e., those belonging to class I, class II, or class III promoters, respectively. Functional ComK is thought to act as a tetramer composed of two dimers, each binding to an AT-box. Tetramerization of the two dimers is accompanied by bending of the DNA (9) . Previous research has demonstrated that the major role of ComK in transcription activation at the comG promoter is in stabilizing RNA polymerase binding, probably by facilitating contacts between the polymerase and the upstream DNA through bending of the DNA in the promoter region (29) .
In 2002, three transcriptome studies reported on defining the ComK regulon in B. subtilis 168 (3, 11, 22) . In silico analyses demonstrated the presence of over 1,000 putative K-boxes in the genome (one-third in intergenic regions) which could in principle be functional, i.e., up to three base pair deviations from the consensus K-box sequence with a maximum of two deviations per AT-box (9) . Based on the three transcriptome studies, it was shown that, under laboratory conditions, only 8% of the genes preceded by a K-box were indeed regulated by ComK, indicating that the sole presence of a K-box is not enough to predict regulation by ComK (11) . Probably, additional elements in or near K-boxes are important for the activities of the boxes being regulated by ComK.
As is depicted in Fig. 1 , different elements can be distinguished in a K-box, like the spacer between the AT-boxes and the consensus sequence of these boxes. In principle, these characteristics could serve as additional critical elements to determine whether a K-box is regulated and, when regulated, to what level ComK stimulates transcription at this particular box. In the present study, a search for critical determinants in a K-box was performed by investigating the effects of alterations in the lengths and GC contents of the spacers between the AT-boxes. Furthermore, the effects of point mutations in the consensus sequence of the AT-boxes were determined using the K-box of the comG operon as a model, as well as an idealized K-box. This K-box was chosen because the level of transcription of the comG operon is among the highest ComKactivated transcription levels and requires only ComK, minimizing the chance of interference of other regulatory proteins (9, 29) . The effects on regulation by ComK were investigated by monitoring transcription activation in vivo using ␤-galactosidase assays and by determining the DNA-binding affinity of ComK for wild-type and mutant K-boxes in vitro by electrophoretic mobility shift assay (EMSAs). The results show the particular importance of the second thymine-adenine base pair in an AT-box for the regulation of the K-box by ComK, suggesting that this position is crucial for ComK-DNA interactions.
MATERIALS AND METHODS
Bacterial strains, media, and growth conditions. The bacterial strains used in this study are listed in Table 1 . B. subtilis strains were grown in minimal medium (35) supplemented with erythromycin (5 g/ml) or spectinomycin (100 g/ml). Escherichia coli strains were grown in TY medium (26) plus 0.2% glucose, ampicillin (100 g/ml), or spectinomycin (100 g/ml). Maltose-binding proteinComK overexpression was induced with the IPTG (isopropyl-␤-D-thiogalactopyranoside; 0.3 mM)-pMal protein fusion and purification system (NEB). Lactococcus lactis strains were grown in a twofold-diluted M17-based medium (Difco) supplemented with 0.5% glucose (GM17) and, if required, erythromycin (4 g/ml).
DNA techniques, materials, and transformations. Standard molecular biology methods were used as described previously (2) . Enzymes were purchased from Roche, New England Biolabs, or Pharmacia. Radiolabeled nucleotides were obtained from Amersham. For plasmid isolations and PCR product purifications, the High Pure plasmid isolation kit and the High Pure PCR product purification kit (Roche), respectively, were used. B. subtilis was transformed as described by Anagnostopoulos and Spizizen (1) . The transformation of L. lactis NZ9000 was achieved by electroporation using a Gene Pulser (Bio-Rad Laboratories, Richmond, CA) as described by Leenhouts and Venema (21) .
PCR amplifications and plasmid constructions. PCRs were performed as described previously (15) . For amplification of PCR products, Pwo or Expand polymerase (Roche) was used. Unless specified otherwise, chromosomal DNA of B. subtilis 168 was used as a template. Plasmids and primers used in this study are listed in Table 1 and Table 2 , respectively.
To investigate the effect of spacer length on regulation by ComK, synthetic DNA sequences containing an idealized K-box were designed. The K-box contained the perfect AT-boxes found in the promoters of addAB (AT-box 1) and comG (AT-box 2). The spacer sequence consisted of random DNA with an AT content similar to that of B. subtilis intergenic regions; 8 (CCCAAGGC), 18 (CTCTACCCAAGGCAGTGC), or 31 (CTCTACCAGCATACCAAGGTATG GTCAGTGC) bp of this random sequence were inserted between the AT-boxes to form a class I, II, or III K-box, respectively. The DNA upstream of the boxes contained 20 bp of DNA located at this position (directly upstream) relative to the AT-boxes in the comC promoter. The downstream DNA arises from the equivalent (downstream) position in the comG promoter. These oligonucleotide DNA fragments were used as templates for PCR amplifications with the primers oligo-start-EcoRI and oligo-end-BamHI, and after being digested with EcoRI and BamHI, they were cloned into the EcoRI/BamHI-digested plasmid pI-LORI-G, resulting in pILORI-C1, pILORI-C2, and pILORI-C3 as representatives of class I, II, and III K-boxes, respectively. pILORI-G contains a comG promoter-lacZ fusion, made as follows. The promoter region was amplified with the primers comG-start-BamHI and comG-end-XbaI. After digestion with BamHI and XbaI, the PCR fragment was cloned into the BamHI/XbaI-digested plasmid pILORI4, upstream of the promoterless lacZ gene.
Plasmids pG-b1ϩ2P-SpGC-middle and pG-b1ϩ2P-SpGC-end were constructed by amplification of the comG promoter region and K-box with primers comG-b2P-SpGC-middle and comG-b2P-SpGC-end, respectively, and combined with primer comG-end-XbaI. The PCR products were digested with EcoRI and XbaI and ligated into EcoRI/XbaI-digested pILORI4. In both plasmids, the GC content of the spacer is increased to 60%.
To investigate the effect of point mutations in the AT-box sequences, comGlacZ fusion constructs were generated. The wild-type comG promoter fragment containing the common K-box was amplified with primers comG-AT2-EcoRI and comG-end-XbaI. To obtain an idealized K-box in the comG promoter, the guanine at position 2 in the A stretch of AT-box 2 was mutated into an adenine by amplifying the comG promoter fragment with primers comG-perfect and comG-end-XbaI. In both cases, the PCR products were digested with EcoRI and XbaI and ligated into EcoRI/XbaI-digested pILORI4, resulting in plasmids pG-wt and pG-perfect, respectively. Using the same strategy, point mutations were introduced in the AT-boxes. Plasmids were constructed using the primer combinations listed in Table 2 . Single mutations were made in AT-box 1, while AT-box 2 remained perfect. The resulting plasmids were named pG-b2P-b1A x G and pG-b2P-b1T x G, with x referring to the position in the A or T stretch of AT-box 1 which is mutated into a G. Some single mutations were combined with the A 2 -to-G (A 2 -G) mutation in AT-box 2 that is present in the wild-type K-box of the comG promoter. In these cases, plasmids containing the single mutations were used as templates for PCR amplification with primers comG-AT2 and comG-end-XbaI, yielding a comG promoter fragment containing two mutations in the K-box. The created plasmids are named pG-b2A 2 G-b1A x G and pGb2A 2 G-b1T x G, again with the x referring to the mutated position. Plasmid pG-b1T 2 G-b2P with only a T 2 -G mutation in AT-box 1 was constructed by amplification of the K-box region with primers comG-b1T 2 G and comG-endXbaI. The same primers were used to construct plasmid pG-b1T 2 G-b2T 2 G, combining the T 2 -G mutation in AT-box 1 with a T 2 -G mutation in AT-box 2, using plasmid pG-b1T 2 G as the template. For all plasmids, cloning was per- 
Plasmids with mutations in boxes pG-wt comG-AT2-EcoRI
comG-b2T2G GATCGAATTCAAAATTGGTTGTTCAGCATATAACATCTC Plasmids with mutations in spacer pG-b1ϩ2P-spGC-middle comG-b2P-spGC-middle GATCGAATTCAAAATTGGTTTTTCAGCACCTGGCATCTCACAAAATCACG pG-b1ϩ2P-spGC-end comG-b2P-spGC-end GATCGAATTCAAAATTGGTTTTTCCGCGTATAACGTCTCGCAAAATCACG a Primers for plasmids with mutations in the boxes and spacer are forward primers which are used in combination with primer comG-end-XbaI. b Underlining indicates the part of the primer that anneals to the chromosome, and italics indicates restriction sites. Boldface nucleotides are mutated.
formed in L. lactis NZ9000. Plasmids were checked by sequencing and transformed into B. subtilis 168.
To exclude the possibility that differences in observed transcription levels are due to variations in the numbers of copies of the reporter plasmids, an alternative strategy was developed, using chromosomal integrations for a representative series of mutants. For this purpose, all K-boxes with single-base-pair mutations, the perfect K-box control, and the T 2 mutation series were cloned into plasmid pWK-Sp (W. K. Smits et al., unpublished), a cloning vector that allows integrations into the amyE locus of B. subtilis 168. To construct these pWKS plasmid series, the (mutant or perfect) K-box-comG promoter lacZ fragments were obtained by amplification with primers pG_F (5Ј-CGATGCATGCCATGGTA) and pG_R (5Ј-GCCACCTTCGTTTTCAGACTTTGC), using the original lowcopy-number plasmids with the same mutations as the template (Table 1) . The PCR products were digested with EcoRI and HindIII and ligated into EcoRI/ HindIII-digested pWK-Sp. The resulting plasmids were transformed into E. coli MC1061 and, after isolation and sequencing, into B. subtilis 168. The obtained clones were verified for the absence of amylase activity on starch plates, indicating integration of the plasmids in the chromosomal amyE locus. All constructs were checked by DNA sequencing.
Transcription activation assays. Transcription activation by ComK on wildtype and mutant K-boxes upstream of the comG promoter was tested in B. subtilis using fusions with lacZ as a reporter. Cultures were grown in minimal medium to stimulate competence development, and samples were taken from the transition point until 3 to 4 h into the stationary growth phase, at 1-hour intervals. Samples were analyzed for ␤-galactosidase activity as described by Israelsen et al. (16) and for protein expression levels by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (19) and Western blotting (31) . ComK was detected with a ComK-specific first antibody (34) and an anti-rabbit horseradish peroxidase-conjugated secondary antibody (Amersham) and visualized by chemiluminescence detection using the ECL Western blotting analysis system (Amersham).
EMSAs. EMSAs were performed essentially as described previously (33) . For this purpose, ComK was purified according to the method of Hamoen et al. (9) . Double-stranded DNA probes were amplified with PCR, using the same primer combination as was used for the construction of the plasmids (Table 2) . Probes for determining the effect of spacer length were amplified with primers oligostart-EcoRI and comG-end-XbaI. Probes were end labeled with T4 polynucleotide kinase using [␥-
32 P]ATP. Proteins and DNA probes were premixed on ice in 20 l binding buffer [20 mM Tris-HCl (pH 8.0), 5 mM MgCl 2 , 100 mM KCl, 0.5 mM dithiothreitol, 0.05 mg/ml poly(dI-dC), 0.05 mg/ml bovine serum albumin, and 8.7% glycerol]. Samples were incubated for 15 min at 37°C to allow protein-DNA complexes to form. Fifteen microliters of each sample was loaded on a nondenaturing 6% polyacrylamide gel. Gels were run in TBE buffer (89 mM Tris, 89 mM boric acid, and 2 mM EDTA) at 100 V, dried, and autoradiographed using phosphor screens. Protein shifts were quantified using the Quantity One software package.
RESULTS
Class III K-boxes are less active than class I and II boxes. In the B. subtilis genome, three classes of K-boxes can be distinguished based on the length of the spacer between the ATboxes, which amounts to either 8, 18, or 31 base pairs, corresponding to two, three, or four helical turns separating the start positions of the AT-boxes for class I, II, or III promoters, respectively. These spacers position both AT-boxes on the same side of the DNA helix, thereby enabling interactions between the ComK dimers that each bind to an AT-box (9) . To investigate the effect of the spacer length on ComK binding and transcription activation, synthetic DNA fragments were developed and cloned upstream of a comG promoter-lacZ fusion, thereby replacing the original K-box of comG. These DNA fragments contained "perfect" AT-boxes, separated by 8, 18, or 31 random base pairs, resulting in representatives of a class I, II, or III promoter, respectively. ␤-Galactosidase assays demonstrated that ComK activates the transcription of all three classes but that the level of transcription is lower with a class III K-box ( Fig. 2A) , while there is little or no difference in transcription activation between a class I and a class II promoter. The same pattern is seen in DNA binding by ComK. Using EMSAs, ComK binding to the DNA of a K-box was investigated for a range of ComK concentrations (Fig. 2B) . The percentage of shifted probe was determined for each ComK-DNA combination, demonstrating that the affinity of ComK for a K-box is lowest when the spacer spans four helical turns, while there is only a slight difference between a class I and a class II K-box (Fig. 2C) . Binding of ComK at a class III K-box can ultimately result in shift levels comparable to shifts at a class I or II K-box, but only at higher ComK concentrations.
As control experiments, Western blotting and plasmid isolations were performed to check the levels of ComK and the plasmid contents for the different strains in all experiments. These assays demonstrated that levels of expression of ComK and plasmid contents are comparable for all strains tested (results not shown), indicating that differences in transcription activation are due to the mutations in the K-boxes and not to variation in ComK expression and/or plasmid copy numbers between the strains.
The spacer GC content does not affect regulation by ComK. B. subtilis is an AT-rich bacterium, with an average AT base pair content in the genome sequence of about 60%; also, the DNA of the spacer region in a K-box is relatively AT rich. Binding of ComK to a K-box induces a bend in the DNA, which is required for transcription activation, as was shown at the comG promoter (29) . In general, AT base pairs are regarded as more flexible in bending than the somewhat more rigid GCs (17, 24) , suggesting that the AT content of the spacer region might be an important determinant for regulation by ComK. To investigate this possibility, the AT content was reduced from 60% to 40%, using the comG promoter K-box as a model. In order to focus only on the influence of the spacer sequence, the AT-boxes were changed into perfect consensus sequences. Furthermore, it could be imagined that the position of the GC base pairs along the spacer affects bending abilities and thereby regulation by ComK. To take this possibility into account, two constructs were tested: (i) a construct in which the ends of the spacer were enriched in GC content (the sequence of the spacer was CCGCGTATAACGTCTCGC, with mutations in bold) and (ii) a construct in which the AT-GC substitutions were positioned in the middle of the spacer (the sequence of the spacer was CAGCACCTGGCAT CTCAC). Surprisingly, these changes in the spacer sequence did not significantly affect transcription activation by ComK compared with that of a K-box with a wild-type spacer (CAG CATATAACATCTCAC). ␤-Galactosidase assays showed only a slight increase (110% of the control level) in transcription when the spacer middle was enriched in GC base pairs and a very slight decrease (95% of the control level) when the GCs were introduced at the spacer ends. In addition, EMSAs demonstrated comparable levels of binding of ComK to control K-boxes and spacers in mutant K-boxes (results not shown).
Position T 2 in AT-box 1 is critical for activation by ComK. As described above, the characteristics of the spacer region do not determine whether a K-box is used for regulating the transcription of the downstream gene but rather to what extent the ComK-dependent promoter is activated. In a search for possibly other features of a K-box that do determine whether and to what level transcription is regulated from a K-box, the influence of mutations in the consensus sequence of the ATboxes was investigated. To determine the effect of a singlebase-pair mutation on ComK regulation, a clean test system was developed using the class II promoter of the comG operon as a model. In previous research, this promoter was used to investigate the role of ComK in transcription activation, since it is among the promoters most highly activated by ComK and transcription activation is dependent only on ComK (29) . The wild-type comG promoter contains an additional AT-box at two helical turns upstream of the start site of the common K-box. Since the goal of this research is to focus on determinants of general importance for ComK regulation, the extra upstream AT-box was omitted and a comG promoter containing only the common K-box was fused with the lacZ gene in plasmid pG-wt. The K-box of comG has one base pair deviation from the consensus sequence, i.e., an A-G mutation at position 2 in AT-box 2. This mutation was repaired in plasmid pG-perfect, creating a perfect, idealized K-box. As shown in Fig. 3A and B, ComK activates transcription at both promoters to comparable levels. Furthermore, ComK showed similar levels of DNA binding on both K-boxes (Fig. 3C) .
To investigate the effect of single-base-pair mutations in an AT-box on regulation by ComK, the idealized K-box of the comG promoter was subjected to a systematic, box-scanning mutagenesis introducing single G residues at each position in AT-box 1. Mutants were tested for transcription activation by ␤-galactosidase assays. As shown in Fig. 4A , most single mutations lower the level of transcription; the exceptions are A 3 -G and T 3 -G. Whereas mutations at most positions result in a relatively mild decrease of transcription levels to about 60 to 80% of the control level, introduction of a single G at the T 2 position has a stronger effect, resulting in a threefold reduction compared to the level of transcription in pG-perfect.
To exclude the possibility that the observed effects are caused by differences in the numbers of copies of the plasmids rather than that they reflect actual differences in ComK-dependent gene regulation, the same experiment was performed using K-box promoter-lacZ constructs integrated into the amyE locus of B. subtilis 168 in such a way that the reporters are present only in a single copy in each cell. For the A 2 -G mutation, a good construct was not obtained, so this K-box is not included in chromosomal integrations. For the other K-box mutants, the effects observed with the integrated reporters were similar to the effects obtained using the K-box promoterlacZ constructs located on the low-copy-number plasmid (Fig.  4B) . Relatively mild effects can be seen for most mutations, again with the exception of T 2 -G, which clearly reduces transcription activation from the K-box. This test confirms that the effects on transcription activation are caused by the singlebase-pair mutation and not by potential copy number differences of the plasmids.
In addition to affecting transcription activation, single mutations in a K-box also affect DNA binding by ComK (Fig. 4C  and D) . The binding effects for each position usually correlate rather well with the effect seen on transcription, although binding at the A 3 -G mutation K-box is more comparable to transcription determined with the integrated reporter than that determined with the plasmid-located reporter. Except for T 1 , the T-stretch mutations show a clear reduction in binding by ComK. Like the effect of the mutation on transcription, a T-G substitution on position T 2 shows the largest effect on ComK binding, indicating that this base pair position is most important for ComK-DNA interactions.
Transcription of and binding to constructs with double mutations in a K-box. For further investigation of the importance of the consensus sequence of the AT-boxes, constructs with double mutations in a K-box were created. For this purpose, single mutations in AT-box 1 producing either a wild-type, an intermediate, or a low level of transcription activation were combined with the natural mutation found in the wild-type comG promoter K-box, i.e., A 2 -G in AT-box 2. Double mutants were tested for transcription activation and ComK binding and compared with the wild-type comG promoter in pG-wt. Mutants with mutations at A 1 and T 3 were the least affected, showing a relatively mild decrease in transcription to 60 to 80% of the wild-type level, while the observed transcription levels for mutants with mutations at positions T 2 and T 4 in AT-box 1, combined with the A 2 -G mutation in box 2, were severely reduced to at most 15% of the wild-type level (Fig. 5A) . Similar effects could be seen on ComK binding, although these effects seem to be somewhat stronger than on transcription (Fig. 5B) . This is especially clear for the mutant with the combination of A 2 -G in AT-box 2 and T 3 -G in AT-box 1, in which DNA binding affinity is only near 20% of the wild-type level, although transcription activation is still over 60% compared with that of the wild type. Apparently, a decrease in binding affinity does not necessarily result in a similar reduction in transcription activation.
Mutation of both T 2 s almost completely inactivates a K-box. As mentioned in the introduction, the B. subtilis genome contains over 1,000 putative K-boxes, with a wide variety of deviations from the consensus sequence. Because of this natural variation, big effects of single mutations in a K-box were not expected. However, as shown in Fig. 4 , a mutation at position T 2 in AT-box 1 severely disturbs both transcription activation and DNA binding by ComK. For further investigation of the importance of this position for ComK-DNA interactions, Kboxes with mutated T 2 positions in AT-box 1, AT-box 2, or both AT-boxes were tested for DNA binding and transcription activation by ComK. As is shown in Fig. 6 , a T 2 -G mutation in AT-box 2 clearly reduces transcription activation and DNA binding by ComK, compared to wild-type or pG-perfect levels, but reduction is slightly less than with the same mutation in AT-box 1. A combination of mutations at both T 2 positions, however, leads to an almost complete loss of transcription activation and DNA binding by ComK.
To corroborate these results, the assay was repeated using chromosomal integrations of the tested mutations, using the same strategy as with the single-base-pair mutations in the K-box consensus sequence (results not shown). The outcome of this experiment confirms the results obtained with the reporters on low-copy-number plasmids (Fig. 6A) .
In silico analyses of ComK-regulated K-boxes. In 2002, three transcriptome studies of the ComK regulon were reported, providing an overview of natural transcription activation levels at K-boxes with various deviations from the consensus sequence (3, 11, 22) . In that study, the ComK-regulated genes found in all three studies were grouped on the basis of their level of activation by ComK (strong to weak). Some ComKdependent genes are organized in operons, meaning that the transcription of more genes depends on ComK binding to one K-box upstream of the entire operon. In this study, only unique K-boxes were included by taking into account only the most highly activated (n-fold) gene from an operon and assigning the transcription activation level for this gene to the K-box of the entire operon. The resulting list contained 88 ComK-regulated genes and was used as a reference provided by B. subtilis itself to determine the occurrence of mutations at each AT-box position. However, it should be mentioned that the possibility that some of the genes are regulated by additional factors (other than ComK) cannot be excluded. The ranking of the transcription activation levels, therefore, does not necessarily depend only on the occurrence of mutations in the K-box of a particular promoter but can also reflect influences of additional regulation. A weight matrix based on the sequences of all of these 88 ComK-regulated K-boxes shows a wide variety of mutations throughout the complete K-box (Fig. 7A) , indicating that there are no positions where a mutation is never tolerated. This correlates with the previous knowledge that individual K-boxes with up to three deviations from the consensus sequence can still be good targets for regulation by ComK. Eleven out of these 88 ComK-activated genes were shown to contain a T-N substitution at position 2 in AT-box 1. A weight matrix based on these K-boxes clearly demonstrated that a concomitant mutation at the other T 2 position in AT-box 2 is never seen among ComK-regulated boxes (Fig. 7B) .
When, on the other hand, the non-ComK-regulated putative K-boxes with a mutation at the T 2 position of AT-box 1 were used to build a weight matrix, mutations at the T 2 position in the other AT-box could be observed (results not shown). The DNA of B. subtilis 168 contains 19 putative K-boxes with a T 2 -N mutation in both AT-boxes. However, the three transcriptome studies that have been published did not show ComK-dependent regulation of downstream genes from any of these K-boxes. These results show a very good correlation with the experimental data from this study, strongly suggesting that mutations occurring simultaneously at both T 2 positions in one K-box result in the inactivation of this box.
DISCUSSION
The competence transcription factor ComK regulates gene transcription by binding to specific sequences, the so-called K-boxes, located upstream of promoters of regulated genes. Previous research determined a defined consensus sequence for ComK binding (9) but also demonstrated that a large degree of natural variation is allowed in ComK-regulated boxes. The most striking characteristic of K-boxes is the natural variation in spacer length, consisting of two, three, or four helical turns between the start positions of the two AT-boxes of a K-box.
Furthermore, K-boxes with up to three deviations from the consensus sequence have been shown to be activated by ComK, resulting in gene transcription. In the present study, an attempt was made to elucidate the role of the different elements of a B. subtilis K-box in regulation by ComK, which may explain why at least some of the unregulated putative K-boxes (92% of the total number of K-boxes) are not used by ComK to activate gene transcription.
It was demonstrated that the difference in the lengths of the spacers between the AT-boxes, as seen in the three classes of K-boxes, influences the levels of transcription activation and DNA binding by ComK (Fig. 2) . In correlation with results of DNA arrays (11) , it was shown that ComK activates transcription at a class III K-box to a lower level than at class I and II K-boxes, likely because binding to class III K-boxes requires higher ComK concentrations to achieve shifts similar to those obtained for the other two classes (Fig. 2B) . A natural example of a class III K-box is found at the comK promoter. Of this K-box, it is known that efficient regulation by ComK requires the binding of DegU to prime ComK binding and transcription activation at the onset of competence development, when ComK concentrations in the cell are still low (10) . It might be that additional regulators are also involved in other class III K-boxes to stimulate transcription activation by ComK. Previous research demonstrated that binding of ComK results in DNA bending of the promoter region, as was shown at the comG and comF promoters, where bending of 60 to 70°w as determined (9) . DNA bending is known to be easier for the more-flexible AT-rich sequences than for GC combination sequences (17, 24) , but surprisingly, increasing the GC content of the spacer from Ͻ40 to 60% did not significantly influence regulation by ComK, nor did the positioning of the GC base pairs throughout the spacer region. Apparently, the sequence of the spacer is not an important determinant for the level of regulation by ComK. In contrast to the spacer, the consensus sequence of the AT-box repeats is more critical for determining whether or not a K-box has a high chance of being ComK regulated, as was determined by the introduction of an A-G or T-G mutation in one AT-box in a further idealized K-box background. In the setup of mutational scanning of a K-box, it should be noted that replacement of a T by a G might have a larger effect than replacement of an A by a G, since in the latter situation the base pair remains a purine, while mutation from a T to a G also implies a change from a pyrimidine to a purine. Indeed, our study reveals larger effects on T stretches than on A stretches (Fig. 4) , so it should be noted that the latter effects might be an underestimate of the importance of the positions in the A stretch.
Using single-base-pair mutational scanning of a K-box, it was shown that, although large natural variations are allowed, a single replacement of the second thymine residue in AT-box 1 by guanine decreased transcription activation about threefold compared to that in a perfect K-box (Fig. 4) . The reduction in transcription activation could be explained entirely by a decrease in DNA binding, which was reduced to a similar level, namely, 30% of the control K-box level. This is, however, not the case for all positions in the consensus sequence of a K-box, as for example in the case of a T 3 or A 3 mutation in AT-box 2 (Fig. 4) . In both cases, binding is more affected than transcription activation. It might be that the level of ComK binding is reduced, but that it is still enough to drive transcription activation to the same level as in the control K-box or, for the A 3 -G mutant, to an even higher level. However, for most positions in the AT-box, binding and transcription activation by ComK are affected to similar extents.
Since a single mutation at the T 2 position of a K-box was shown to most strongly reduce the activity of this box from regulation by ComK, additional experiments were performed to investigate the importance of the T 2 positions. Transcription activation and DNA-binding assays demonstrated that introduction of a second T 2 mutation in the K-box reduced transcription and DNA binding to below 5% of control levels, suggesting that a combination of mutations at both T 2 s is not allowed in ComK-regulated boxes (Fig. 6 ). This result was corroborated by in silico analyses demonstrating the absence of double T 2 mutations among K-boxes upstream of ComK-regulated genes (Fig. 7) . In contrast, for all other individual positions in an AT-box, mutations at the same positions in both boxes could be found among ComK-activated K-boxes. In addition to the base pair at the T 2 position in AT-box 1, the base pairs at positions A 2 and A 4 in AT-box 2 are conserved when there is a T 2 mutation in AT-box 2 (Fig. 7B) . Whether this is of biological importance or just due to the relatively low number of boxes with a T 2 mutation occurring in vivo among ComK-activated K-boxes cannot be concluded from this study.
A possible way of maintaining the activity of a K-box with a T 2 mutation could be the introduction of compensating muta- FIG. 7 . Weight matrices demonstrating natural variation in ComKregulated K-boxes. (A) Weight matrix based on the sequences of 88 ComK-regulated K-boxes. On the x axis, the two AT-boxes, composing a K-box, are shown. In order to align the AT-boxes for the three classes of K-boxes, the spacer was in all cases set to the same length. For each position in the AT-boxes, which by consensus contain four A's and four T's, the percentage of occurrence of each of the four possible nucleotides among the 88 ComK-regulated K-boxes was calculated. This percentage is shown on the y axis. (B) Weight matrix based on the sequence of 11 out of the 88 ComK-regulated K-boxes, which contain a T-N substitution at position 2 in AT-box 1. tions in other base pairs in the AT-boxes. Often, proteinbinding sites display direct or inverted symmetry in the recognition site, as was demonstrated for the E. coli cyclic AMP receptor protein, the arginine repressor ArgR, and the lac repressor LacI (4, 7, 23, 25) . In the case of the K-box, the two AT-boxes form direct repeats separated by a spacer, and within each AT-box, an inverted repeat is formed by the A and T stretches. Potential candidates for compensating mutations would therefore be the very important T 2 in the other AT-box or the A 3 position in the same AT-box as the T 2 mutation. However, in silico analyses did not clearly point out conserved mutations in AT-box base pairs, which could be introduced to maintain the activity of a K-box with a T 2 mutation, as can be seen in Fig. 7B .
The most interesting question with respect to the importance of the T 2 positions for regulation by ComK is what could be the reason for its dominating role. We demonstrated that a replacement of T 2 by a guanine lowers the efficiency of ComK regulation by reducing ComK binding to the DNA. The extent of shift is not changed, so alteration of the T 2 position does not affect, for example, the oligomerization of ComK on the DNA. Although the mechanism behind the reduced DNA binding by ComK at a K-box with a T 2 mutation is unclear, it is likely that the T 2 position is the residue that is in closest contact with or has the highest affinity for ComK in protein-DNA interactions. It is tempting to speculate that the positioning of the K-box along the DNA helix does not allow a guanine at the second position in the thymine stretches. It might be that a G/C base pair affects the minor groove of the DNA helix, thereby decreasing the binding efficiency of ComK at the K-box. This hypothesis is supported by research on the Arg-boxes bound by the arginine repressor protein in E. coli. Wang et al. (36) demonstrated that this repressor contacts the DNA at four major and two minor grooves of a long consensus sequence (Arg-box). The minor groove in the center of the Arg-boxes faces the repressor protein and was shown to contain almost exclusively A/T base pairs, suggesting that G/C combinations are not allowed in this region. They suggest that these base pairs would introduce an inhibitory group into the narrow minor groove, thereby inhibiting binding of the Arg repressor. Furthermore, they remark that there is growing evidence that the methyl groups of thymine containing base pairs are often essential for protein-DNA interactions. Although the present study describes a first, general overview of the important base pairs in a K-box, the three-dimensional structure of the protein-DNA complex should preferably be elucidated to unravel the exact nature of ComK-DNA interactions at the site of a K-box.
